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Abstract 
The deposition technology of (T&P&N films prepared by DC reactive magnetron sputtering was studied. The experimen- 
tal results indicate that the hardness, wear resistance and oxidation resistance of (Ti,Al)N films are superior to those of TiN 
films. The Al3 results show that the superior anti-oxidation characteristics of (Ti,Al)N films at high temperature result from 
the formation of protective AlaO, layers as a result of selective oxidation of Al. But the electrochemical measurements show 
that the corrosion resistance of (Ti,Al)N films is not as good as that of TiN films. 
1. Introduction 
TiN coatings, exhibiting relatively high hardness 
and good wear resistance, are at present used exten- 
sively to increase the lifetime of cutting tools [l-31. 
A disadvantage of TiN in some applications, how- 
ever, is that it oxidizes rapidly in air at temperatures 
above about 500°C [2,4-71. Many researchers 
[5,6,8-111 have demonstrated that (Ti,Al)N films 
exhibit better oxidation resistance and hence im- 
proved performance over that of TiN. Because of the 
outstanding properties of (Ti,Al)N films with respect 
to hardness, wear resistance, oxidation resistance and 
corrosion resistance, it seems to be desirable to study 
the crystal structure and mechanical and chemical 
properties in more detail. 
In this paper, results are reported on (Ti,Al)N 
films sputtered from TiAl alloy targets in a reactive 
* Corresponding author. 
atmosphere using the DC magnetron sputtering pro- 
cess. 
2. Experimental procedure 
2.1. Preparation of specimens 
(Ti,Al)N films were prepared by DC reactive 
magnetron sputtering in the Ar + N, atmosphere. 
The electrode voltage was O-1500 V, and the elec- 
trode current was less than 2 A. The residual pres- 
sure in the sputtering chamber was about 1.33 X lop3 
Pa. The target was made up of TiAl alloy (Ti : Al = 
1: 1, purity 99.99%), diameter 60 mm and thickness 
3 mm. The substrates were made of HSS (high speed 
steel), diameter 15 mm and thickness 3 mm. The 
substrates were polished before they were cleaned by 
ultrasonics for 30 min. The distance between the 
substrate and the target was 50 mm. The substrate 
temperature and bias could be regulated. The sputter- 
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ing atmosphere was an Ar + N, mixture, which was 
led into the sputtering chamber through a precision 
fine-tuning valve from the mixing cylinder. The 
sputtering pressure was about 1 Pa, and the N, 
partial pressure was 3%-50% of the mixed gas 
pressure. The sputtering time was 1 h. Before de- 
positing (Ti,Al)N films, the target was presputtered 5 
min in a nonreactive condition. 
2.2. Analysis 
The X-ray diffraction spectrum of (Ti,Al)N films 
was obtained by a thin-film X-ray diffractometer. 
The microhardness of the films was measured by a 
Vickers micro-sclerometer, and the load was 15 g. 
The wear test adopted the abrasive wear method, and 
the wear resistance was expressed by the weight loss 
per one square centimeter in one second. The abra- 
sive was a 2% Al,O,(M3) water solution, and was 
added dropwise at a rate of 2 drops/min. The load 
was 1 kg. The oxidation of specimens which were 
heated at 800°C for 10 min and then cooled in air, 
was analyzed by AES spectroscopy. 
Electrochemical measurements were made in a 
5% H,SO, solution using potentiodynamic methods. 
The temperature was 300 K. All potentials were 
measured with respect to a saturated calomel elec- 
trode (SCE). 
3. Results and discussion 
Fig. 1 shows the X-ray diffraction pattern for 
(Ti,Al)N film, deposited in the sputtering conditions: 
Fig. 1. X-ray diffraction of (Ti,Al)N films. 
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Fig. 2. (a) Microhardness as a function of nitrogen partial pres- 
sure. (b) Wear rate as a function of nitrogen partial pressure for 
(Ti,Al)N films. 
target voltage -500 V, bias voltage - 100 V, elec- 
trode current 0.4 A, nitrogen partial pressure 0.1 Pa 
(10% N,), substrate temperature 400°C. The film 
thickness was 3.0 pm. The diffraction lines were 
indexed with a cubic Bl NaCl-type fee structure, and 
the lattice parameter was 0.417 nm, less than that of 
TiN (0.426 nm) [5,6]. This suggests that titanium 
atoms in the TiN lattice were substituted by alu- 
minum atoms with smaller atomic radius [5,6]. The 
atom radius of Al is 0.143 nm and that of Ti is 0.146 
nm [5]. In addition, the (Ti,Al)N film was not stoi- 
chiometric, as shown in Fig. 3b. The film color is 
golden. As for the unidentified phase, according to 
the composition analysis, it could not be oxide, and 
probably included some Ti,N second phase. Because 
there is only one unidentified peak and the (Ti,Al)N 
phase has four peaks in the diffraction pattern (Fig. 
l), the unidentified phase should be minor. 
The wear rate Am/st (Am weight loss, s film 
area and t wear time) for (Ti,Al)N films as a 
function of the N, partial pressure is shown in Fig. 
2. The sputtering conditions for (Ti,Al)N films are: 
electrode voltage -500 V, bias voltage - 100 V, 
electrode current 0.3-0.4 A, substrate temperature 
400°C total pressure 1.0 Pa, film thickness 3-4 pm. 
It can be seen that the wear rate has a minimum, 
which is in accord with the relation of the micro- 
hardness of the films versus N, partial pressure (seen 
from Fig. 2). The wear resistance of (Ti,Al)N films 
is about three times greater than that of TiN films 
[5], and the Vickers microhardness H, of (Ti,Al)N 
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films is about 1000 kg mmM2 greater than that of 
TiN [5]. 
Fig. 3 displays the AES depth profiles of heat- 
treated (Ti,Al)N and TiN coatings. The sputtering 
conditions for (Ti,AI)N film are: electrode voltage 
- 500 V, bias voltage - 100 V, electrode current 0.4 
A, nitrogen partial pressure 0.1 Pa, total pressure 1.0 
Pa, substrate temperature 400°C film thickness 3.0 
pm. The sputtering conditions for TiN film are: 
target 99.99% Ti, electrode voltage -500 V, bias 
voltage - 100 V, electrode current 0.3 A, substrate 
temperature 300°C nitrogen partial pressure 0.15 Pa 
(15%), total pressure 1.0 Pa, film thickness 4 pm. 
The KLL peak of nitrogen (Nl, 383 eV) overlaps 
with the low-energy LMM titanium transition (Til, 
383 eV) and has to be corrected for Ti2 (418 eV) in 
the Auger spectra, assuming that the ratio of 
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Fig. 3. AES depth profiles of heat-treated TiN and (Ti,Al)N films: 
(a> TN, (b) (Ti,Al)N. 
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Fig. 4. AES spectra of heat-treated (Ti,Al)N films: (a) surface; (b) 
after Ar+ sputtering for 40 min. 
APPH(Ti1) to APPH(Ti2) is constant. Assuming that 
the sputter depth of both (Ti,Al)N and TiN films is 
proportional to the sputtering time [5], the thickness 
of the oxidized layer in TiN films is more than five 
times greater than that of (Ti,Al)N films. The reason 
is the selective oxidation of Al, resulting in the 
formation of the Al,O, protective layer [5,9,10,12, 
131. 
Fig. 4 shows that the AES peak of Al is at 52 eV 
in the outer layer of heat-treated (Ti,Al)N films, but 
is at 66 eV in the inner layer. The former corre- 
sponds to the chemical state of Al in aluminum 
oxide, and the latter corresponds to the chemical 
state of Al in nitride (Ti,Al)N [9,12,14]. 
As to the Til and Nl peaks of heat-treated 
(Ti,Al)N films, in the outer layer, they coincide and 
are at 383 eV, but in the inner layer, they split. The 
Nl peak remains to be at 383 eV, while the Til peak 
shifts from 383 to 386 eV. This indicates that tita- 
nium is oxidized in oxide layers, but is not in inner 
layers. 
As shown in Fig. 3b, in the surface layers of 
heat-treated (Ti,Al)N films, the contents of 0 and Al 
increase drastically, and at the depth corresponding 
to the Ar+ sputtering time at about 12 min, the Al 
content is at a minimum. This region is called Al-de- 
pletion region. It indicates that the oxide layers of 
heat-treated (Ti,Al)N films almost consist in alu- 
minum oxide, i.e. selective oxidation of aluminum 
takes place. The increase of aluminum content stems 
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Fig. 5. Polarization curves (in a 5% H,SO, solution): (a) TiN - 
initial delay 100 s, scanning rate 1 mV/s; (b) (Ti,Al)N - initial 
delay 100 s, scanning rate 1 mV/s. 
from the outward diffusion of aluminum atoms of 
the mixed nitride (Ti,Al)N, which leads to the forma- 
tion of an Al-depletion region [9,15]. Fig. 4b also 
shows that at the Al-depletion region, although the 
contents of Ti and N reach a maximum, this is not 
caused by the migration of titanium atoms, because 
the contents of all components are normalized at any 
time. 
Fig. 5 shows the polarization curves for TiN and 
(Ti,Al)N films in a 5% H,SO, solution. The sur- 
faces of the working electrodes (TIN or (Ti,Al)N 
films) measured 1.0 cm’. The electrochemical pa- 
rameters for TIN and (Ti,Al)N films are shown in 
Table 1. The corrosion speed ales,, is gained from the 
following equation: 
u CoIr = L, X 3.73 X 10p4N g/m’. h, (1) 
where N = atomic weight/valence for a metal. TiN 
is an interstitial metallic compound and its corrosion 
resistance depends mainly on titanium, so N = NTi = 
47.8/4. As for (Ti,Al)N, according to the above 
AES spectra, Ti : Al = 2 : 1, so we can approximately 
think that N = (2/3)N,, + (1/3)NA1 = 10.3, where 
Nri and NA, are the N values for Ti and Al, respec- 
tively. As shown in Table 1, the corrosion speed for 
(Ti,Al)N films is greater than that of TiN films in a 
5% H,SO, solution and the electrochemical parame- 
ters for (Ti,Al)N films: Er, i,,,, i,, shift positively, 
relative to those of TiN. This shows that the corro- 
sion resistance for (Ti,Al)N films is inferior to that 
for TiN films. Penttinen et al. [16] have also studied 
the corrosion resistance of TiN and (Ti,Al)N films. 
They did not give a reasonable explanation to the 
corrosion resistance of (Ti,Al)N films, and they also 
found that (Ti,Al)N films had no excellent corrosion 
resistance. According to the selectively dissolving 
theory for component atoms of solid solutions, be- 
cause the electrode potential of Al is less than that of 
Ti, the anodic selective solution of Al occurs. This is 
why the corrosion resistance of (Ti,Al)N films de- 
scends. 
4. Conclusion 
(Ti,Al)N films were deposited on HSS substrates 
by DC reactive magnetron sputtering from a TiAl 
alloy target in Ar + N, mixed atmosphere. (Ti,Al)N 
Table 1 
Electrochemical parameters for TiN and (TiAl)N film 
Specimen E,,, (V) ED (V> log illDl (A/cm’) log i,, (A/cm21 log i,,,, (A/cm2> u,,, k/m’. h) 
TiN - 0.42 -0.11 -3.14 - 4.50 
(T~AI)N - 0.44 0.38 -0.84 - 2.33 
E con is the self-corrosion potential, EP is the critical passivation potential; 
i,, is the passivating current density, i, , is the passivated current density; 
I,,, is the self-corrosion current density, u,,, is the corrosion rate. 
- 4.79 0.0719 
-4.69 0.0788 
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films have increased wear resistance and microhard- 
ness and oxidation resistance, compared with TiN 
films. The superior oxidation resistance of (Ti,Al)N 
films results from the protective aluminum oxide 
layer as a result of selective oxidation of aluminum. 
But the corrosion resistance of (Ti,Al)N films is 
inferior to that of TiN films. 
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